Background: Using data from autopsied young people aged 15 to 34 years, the Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study developed a risk score based on age, sex, smoking status, highdensity lipoprotein and non-high-density lipoprotein cholesterol levels, and the presence of obesity, hyperglycemia, and hypertension to predict advanced coronary artery atherosclerosis.
Recent developments in imaging allow the noninvasive assessment of advanced atherosclerosis before the occurrence of clinical events. [10] [11] [12] [13] These techniques have usually been applied to older individuals to enhance risk prediction, and their findings may influence clinical management in those with intermediate risk. [14] [15] [16] [17] The techniques have also been used to detect atherosclerosis in high-risk young individuals, 10 to determine the relationship of risk factors in youth to the progression of atherosclerosis in young adulthood, 12, 13 and to evaluate early pharmacologic treatment of familial hypercholesterolemia. 18 In persons aged 15 to 34 years who died of external causes (accidents, homicides, and suicides), the Pathobiological Determinants of Atherosclerosis in Youth (PDAY) study identified the association of atherosclerosis with cardiovascular risk factors measured postmortem. [2] [3] [4] 6, 7 A PDAY risk score, based on age, sex, and the cardiovascular risk factors, was developed to estimate the likelihood of advanced atherosclerosis in the coronary arteries of an individual. 19 The Coronary Artery Risk Development in Young Adults (CARDIA) study performed computed tomographic (CT) imaging of coronary artery calcium (CAC) in its year 15 examination (when participants were aged 33-45 years). We used risk factor data from multiple prior examinations to determine how well the PDAY risk score computed from risk factors mea-sured in youth predicted CAC measured years later in CARDIA subjects, and we estimated the effect of change in the PDAY risk score over time on its prediction of future CAC. We also revised the risk score by incorporating family history (information unavailable in the PDAY study) and compared the PDAY risk score prediction with that of the Framingham risk score. 8 
METHODS

PDAY RISK SCORE
The PDAY risk score was derived from the associations of cardiovascular risk factors measured postmortem with target atherosclerotic lesions in the coronary arteries of 1117 cases. 19 The target lesions were American Heart Association grade IV or V lesions in the left anterior descending coronary artery, 6, 20 greater than 9% of the intimal surface area of the right coronary artery involved with gross raised lesions, or both. Risk factors included high-density lipoprotein (HDL) and non-HDL cholesterol levels and thiocyanate concentration (as a marker of smoking) in postmortem serum, 3 body mass index (calculated as weight in kilograms divided by height in meters squared) at autopsy of at least 30 to define obesity, 7 hyperglycemia assessed by a red blood cell glycohemoglobin of at least 8%, 2 and hypertension assessed by the intimal thickness of the small renal arteries. 4 Risk factors and their point values are given in Table 1 . Race/ethnicity was not a significant predictor of risk. The risk score was normalized so that a 1-point increase was equivalent to a multiplicative change in the odds (additive change in the logarithm of the odds) of a target lesion due to a 1-year increase in age.
CARDIA STUDY
The CARDIA study is a longitudinal study of cardiovascular risk factors begun in 1985-1986 that included 5115 men and women from 4 centers (Birmingham, Ala; Chicago, Ill; Minneapolis, Minn; and Oakland, Calif ). 20 The sample was population based and was approximately equally divided by sex, race/ ethnicity (African American vs white), and education level (completed vs did not complete high school). At its year 15 examination, CT scanning was performed on 3043 participants. The present study used risk scores calculated from the examinations at years 0, 5, 10, and 15. Participants were excluded if they (1) did not attend the examination, (2) were pregnant at the examination, or (3) were missing data needed for completion of the PDAY risk score or the Framingham risk score. 8 At the year 0 examination, the CARDIA cohort included participants younger than 20 years, for whom the Framingham risk score could not be computed. Therefore, the sample sizes were 2967 for the PDAY risk score and 2719 for the Framingham risk score at year 0, and they were 2769, 2732, and 2975 at years 5, 10, and 15, respectively, for the PDAY and Framingham risk scores. The CARDIA study was approved by the institutional review boards of all participating centers.
RISK FACTOR MEASUREMENTS
Age, sex, race/ethnicity, and smoking status were determined by self-report. Body mass index was calculated from weight and height measured in light clothing and without shoes. Blood pressure was measured 3 times by random zero sphygmomanometer, and the mean of the second and third measurements was used. Hypertension was defined as having a systolic blood pressure of at least 130 mm Hg or a diastolic blood pressure of at least 85 mm Hg or taking antihypertensive medications. Total cholesterol and HDL cholesterol levels were measured by enzymatic techniques, and non-HDL cholesterol levels were calculated by subtraction. 21 Diabetes mellitus was defined as having a fasting glucose level of at least 126 mg/dL (Ն3.26 mmol/L); taking diabetic medication at the examinations at years 0, 10, and 15 (fasting glucose levels were unavailable at year 5); or both. Family history of cardiovascular disease was defined as having a parent with a cardiovascular event. Because family history was not updated at year 15, the year 10 family history was used.
MEASUREMENT OF CAC
Participants underwent CT scanning with electron beam CT (Imatron C-150) or multidetector CT (GE Lightspeed or Siemens VZ), depending on clinic location. All participants had 2 scans performed 1 to 2 minutes apart. For each scan, 40 consecutive 3-mm transverse images from the root of the aorta to the apex of the heart were obtained at 80% of the electrocardiographic R-R interval. Each image was examined by a radiologic technologist, who removed bony structures from the images and identified a region of interest around each potential focus of CAC. A focus was defined as a region of 4 adjacent pixels or more (approximately 1.87 mm 2 ) with a CT number higher than 130 Hounsfield units. Quantification of lesions of this size is reproducible. 22 A total CAC score was computed as the sum of the Agatston score of calcified lesions within each artery (left main, left circumflex, left anterior descending, and right) and across all arteries. Coronary artery calcium was defined as present if each score was greater than 0; the mean of the 2 scans was the final score. Each scan set with at least 1 nonzero score was reviewed by an expert investigator blinded to the scan scores to verify the presence of CAC. The CAC scores were adjusted for between-center differences using a standard calcium phantom scanned underneath each participant. The amount of CAC was categorized into 6 categories (0, Ͼ0 to Ͻ10, 10 to Ͻ20, 20 to Ͻ100, 100 to Ͻ400, or Ն400 units).
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STATISTICAL ANALYSIS
The association of CAC with risk score was analyzed using binary logistic regression, with the presence of any amount of CAC as the outcome and the predictor variables of sex, age at CAC assessment, and PDAY risk score computed from the modifiable risk factors. The amount of CAC was analyzed by ordinal logistic regression. 24, 25 The association between CAC category and quartile of PDAY risk score at year 0 was assessed using the Goodman and Kruskal ␥ statistic. 25 Tracking was measured by the extent to which individuals in the lowest or highest quartiles for the PDAY risk score at year 0 remained in the same quartiles at year 15. The year 0 and year 15 PDAY risk scores computed from the modifiable risk factors were divided into examination-specific approximate quartiles for each sex group and race/ethnicity. The examination-specific quartiles were cross-tabulated to determine the percentage of those in a given quartile at year 0 who were in each quartile at year 15. If no tracking occurred, those in the highest (or lowest) quartile at year 0 were expected to be evenly distributed across quartiles at year 15. Quartiles are only approximately 25% of the sample. Heavy ties among PDAY risk scores precluded quartiles from having equal sample sizes.
Based on their PDAY risk score computed from modifiable risk factors, participants were classified into low-risk, intermediate-risk, and high-risk groups. The cutoff points were selected so that the low-risk and high-risk groups would have at least the lowest and highest 25% of the year 0 PDAY risk scores, respectively. Within each of these 3 groups, participants were categorized into approximate thirds of the 15-year change (year 15 minus year 0) in the PDAY risk score to examine the effect of changing the modifiable risk factors. A revised PDAY risk score included points for family history of cardiovascular disease and increased the points for the sex differential. Points for family history were determined by dividing the logistic regression coefficient for family history by the coefficient for the PDAY risk score and by rounding to the nearest integer. The points for sex were determined in a similar manner.
To validate the allocation of risk score points among sex, age at the time of risk factor measurement, modifiable risk factors, and family history, we computed c statistics 24 (equivalent to area under the receiver operating characteristic curve) to assess discrimination (ie, the ability to separate individuals with and without CAC); statistical significance among receiver operating characteristic curves at each visit was assessed. 26 At years 5, 10, and 15, the CARDIA study included participants older than 34 years. For these examinations, the age at the time of risk factor measurement was included as a predictor in the logistic regression model along with the PDAY risk score computed from the other risk factors. Table 2 gives descriptive statistics for the CARDIA cohort at each examination. For comparison between PDAY and Framingham risk scores, the age term was excluded. Over the 4 examinations, smoking frequency decreased, body mass index increased, non-HDL cholesterol levels trended upward, HDL cholesterol levels declined Table 3 gives the odds ratios (ORs) for the presence of any amount of CAC at year 15 and for the amount of CAC for a 1-point increase in PDAY risk scores computed from the modifiable risk factors at each of the 4 examinations, adjusted for sex and age at measurement of CAC. All ORs were significantly different from 1.00. Accounting for the amount of CAC increased the ORs at each examination by 0.01 compared with the ORs for the presence of CAC. Table 4 gives the relationship between the amount of CAC and the PDAY risk score computed from modifiable risk factors; this relationship was positive and significant (␥=0.51 [95% confidence interval, 0.43-0.58]). Of those with CAC scores greater than 100, 33 (71.7%) of 46 had PDAY risk scores of at least 3. Table 5 , the PDAY risk score tracked well. About 50% (minimum 37% and maximum 57%) of young people in the first or fourth quartile of risk at year 0 remained within that quartile at year 15. Figure 1 shows the effect of risk score change on the odds of CAC in subjects at 3 levels of risk score computed from the modifiable risk factors at year 0 (lowest, −1 or 0; intermediate, 1-2; and highest, Ն3). The reference category (OR, 1.00) is the lowest year 0 risk and lowest change group. In the lowest risk group at year 0, for those whose risk score increased the most, the likelihood of CAC increased, but the OR was not statistically significant. Subjects with intermediate risk at year 0 that changed little or increased were significantly more likely to develop CAC than the low-risk and lowchange group; the subjects who decreased their score were not significantly different from the reference group. Subjects with the highest risk at year 0 were significantly more likely to develop CAC than the low-risk and lowchange group regardless of their risk score change. The intermediate and highest subjects at year 0 who decreased their risk score experienced a decreased OR relative to the subjects who remained the same or increased their risk score slightly. Table 6 gives the ORs for a positive family history of cardiovascular disease (all ORs were significantly different from 1.00). The ORs for the PDAY risk score computed from the modifiable risk factors were only slightly different from the ORs estimated in a model without family history (Table 3) .
RESULTS
CHARACTERISTICS OF THE CARDIA COHORT
between years 5 and 10, prevalence of hypertension increased, prevalence of diabetes mellitus increased at year 10, and prevalence of positive family his
RELATIVE RISK DUE TO MODIFIABLE RISK FACTORS
PERSISTENCE OF RISK
As summarized in
EFFECT OF CHANGING THE MODIFIABLE RISK FACTORS
CONTRIBUTION OF FAMILY HISTORY
REVISED PDAY RISK SCORE
A revised PDAY risk score was constructed using −8 points for female sex and 4 points for positive family history of cardiovascular disease. The PDAY risk score points (Table 1) were used for the modifiable risk factors.
PREDICTION OF CAC USING THE PDAY RISK SCORE
The foregoing analyses showed that the PDAY risk score computed from the modifiable risk factors identified a risk of CAC years in advance of CAC assessment. Table 7 gives c statistics for the risk score, including age and sex at the 4 examinations. The c statistics ranged from 0.728 to 0.746 and represented acceptable discrimination.
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COMPARISON OF PDAY, REVISED PDAY, AND FRAMINGHAM RISK SCORES
The revised PDAY risk score performed better than the original PDAY risk score, with c statistics ranging from 0.752 to 0.770 (Table 7) . The highest c statistics were obtained for risk scores computed from the year 0 and year 5 examinations. The Framingham risk score performed less well, with c statistics below 0.7. At each examination, the c statistics among the 3 risk scores were significantly different. Figure 2 shows the receiver operating characteristic curves for predicting CAC at year 15 using the PDAY risk score, the revised PDAY risk score, and the Framingham risk score at year 0.
COMMENT
This study links a cardiovascular risk score based on anatomically demonstrated atherosclerosis in autopsied subjects 19 and the noninvasive assessment of CAC by CT scanning in living subjects from the CARDIA study. Young people with modifiable risk factors were at increased risk of developing CAC, and this increased risk was detected up to 15 years before the measurement of CAC. The risk score computed from risk factors measured 10 to 15 years before the assessment of CAC performed better than the risk score computed from risk factors at the time of CAC assessment. If the risk score increased between year 0 and year 15, the likelihood of developing CAC increased; if the risk score decreased, the likelihood of developing CAC decreased. The PDAY risk score and a revised PDAY risk score that included family history of cardiovascular disease and a greater differential between the sexes performed better than the Framingham risk score.
COMPARISON WITH OTHER STUDIES
Our findings are similar to those of other studies showing the association of risk factors measured in youth with CAC 27 and carotid intimal thickness 12, 13 measured later in life. Our results also are consistent with the tracking of individual risk factors. 28, 29 
PREDICTION OF CAC
For years 0 and 5, the ORs for a 1-point increase in the PDAY risk score (Table 3) were similar to the OR of 1.18 obtained in the PDAY sample used for risk score development. 19 Discrimination of the PDAY risk score (c statistic range, 0.728-0.746; Table 7 ) validates the PDAY risk score model. Incorporation of family history of cardiovascular disease and a larger differential for sex than in the original PDAY risk score improved prediction. The highest discrimination and ORs were obtained for the revised PDAY risk score at the year 0 examination (c statistic, 0.770; Table 7 ), although this discrimination was not appreciably better than the discrimination at other visits. Coronary artery calcium may vary by race/ethnicity, 30 but we did not adjust for this factor because race/ethnicity was not a significant predictor of advanced atherosclerosis in the PDAY sample. 19 Additional refinements using risk factors not measured in the PDAY study may improve prediction; for example, a recent CARDIA publication reported an inverse association between CAC and education level. 23 Discrimination of the PDAY risk score was higher than discrimination of the Framingham risk score in predicting CAC in young adults. The Framingham risk score was developed from predominantly middle-aged and older individuals (different from the CARDIA cohort) to predict cardiovascular events that result from atherosclerosis and thrombosis. 8 The Framingham risk score is useful but imperfect for identifying middle-aged and older adults at risk for cardiovascular events; the PDAY risk score is useful but imperfect for identifying young persons likely to have precocious atherosclerosis. [14] [15] [16] [17] 
EARLY CONTROL OF RISK FACTORS
The objective of beginning cardiovascular risk prevention in youth is to retard the early progression of atherosclerosis. This study shows the effect of risk acquired early in life and the importance of risk reduction in young adulthood to prevent atherosclerosis. For most individuals, behavioral intervention to maintain cardiovascular health includes not smoking, maintaining normal weight for height, engaging in regular exercise, and consuming a proper diet. 9 Among subjects in the Atherosclerosis Risk in Communities study, 31 individuals with a sequence variation in PCSK9 had 28% (among African American subjects) and 15% (among white subjects) reductions in low-density lipoprotein cholesterol levels, with 88% (among African American subjects) and 47% (among white subjects) reductions in risk of CHD. This result supports the benefit of even modest reduction in risk factors during a long period.
The PDAY risk score will be helpful in identifying subjects who should undergo imaging studies and those most likely to have rapid progression of atherosclerosis. Imaging can stratify individuals who are at high risk based on the risk factors into those with and without premature atherosclerosis and can assess the rate of progression of atherosclerosis over time with and without intervention. 18, 32 Because event rates at young ages are low, it is difficult to conduct clinical trials to show that risk reduction reduces event rates. 17 Noninvasive imaging of atherosclerosis will facilitate studies of behavioral and pharmacologic risk factor intervention in adolescents and young adults. 32 Results from such studies will provide the gold standard of evidence regarding the value of cardiovascular risk factor control in youth.
CONCLUSIONS
The following findings support that primordial and primary prevention prevents or delays CHD: (1) Risk scores computed from the CHD risk factors in young people are strongly associated with CAC 10 to 15 years later. 
